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1. Introduction

Most coal conversion processes, liquefaction as well as
gasification, are conducted at elevated temperatures ( > 400. C ). At
these temperatures the coal decomposes to yield volatiles ( tars and
gases ) and a solid residue ( char ). If this is done in an inert
atmosphere then the coal will only pyrolyse. However, if there is a
reacting ambient atmosphere ( e.g, hydrogen or steam ), in addition to
the pyrolysis, gasification of the char and reactions of the volatile
matter with the reacting gas will occur. Before we can model the
complex situation with a reacting ambient gas, a better understanding
of the pyrolysis of coal in an inert atmosphere must be obtained ,

Most of the conversion processes that have been or are being
developed at present are based only on experimental results obtained
in bench scale experiments or in so-called process development units.
Since these experiments are tipe and money consuming, the whole range
of process parameters can not always be covered. Hence it is never
certain vhether the optimum conditions for a specific process have
been found, after a limited series of experiments. Here a theoretical
modeling technique would be a much more etficient way of optimizing
the process., Any theoretical model for a pyrolytic coal conversion
process would be based on a) a kinetic model tor coal pyrolysis and b)
a mathemiatical model of the flow reactor.

The purpose of this study is to establish a chemical kinetic
model which later will be coupled with fluid-mechanical models for
several flovw reactors. This kinetic model should be applicable over a
wide range of operating conditions ( e.g. temperature, heating rate )
in order that the optimization of a new process not be limited by the
applicability of the kinmetic scheme. The kinetic scheme should be able
to distinguish between condensible tars and non-condensing gases, to
allow the optimization of either liquefaction or gasification
processes.

Our <chemical kinetic model will be based on experimental results
that have been reported in the literature. However, a number of
simplifications will be introduced because the available data do not
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always contain the specific information that is necessary to obtain
kinetic values for our scheme. Since most of the puhklished
axperimental results are for high volatile A bituminous coals, ve
limited our attention to such bvib coals for the first aprroach.

Before we <can postulate a kinetic scheme for coal pyrolysis we
have to define the characteristic parameters of coal pyrolysis and
spacify the range in which these parareters might vary.

The pyrolysis of coal 1leads to two general products: a) the
volatile matter which may be divided into pitch, tar, light oil, gases
and carhonization water, and b) solid residue comprising coke or char.
Pitch, tar and light oils are often simply lumped together and called
tars., The carbonization water includes the ammonia, The product gases
account ' for everything that is gaseous at standard temperature and
pressurz, such as hydrocarbons (saturated and unsaturated), hydrogen ,
and oxides of carbon. Pitch is a solid at standard temperature and
pressure, but since it leaves the reactor as volatile patter, it is
lumped in with the tars. .

The variables and their typical range to be considered in the

modeling of a coal pyrolysis process for a given coal include:

) final process terperature { 4CO0 C up to above 10 C )

8) the heating rate or temperature history of the coal ( 16-%
C/sec up to 185 c/sec, corresponding to heat-up times ranging
from several months to as short as ten milliseconds.)

C) coal particle size ( 10u4m up to several mm )

D) pressure in the reactor ( 1 atm to 50 atm )

E) residence time of the coal and the volatile matter in the
reactor, which is dependent on the type of the reactor (e.q.
fixed bed counter-flow, entrained-flowv, etc.) and the reactor
size,

The residence time of the products in the reactor is determined
by the ted depth and the flow rate of sweep gas throughk the reactor,
The temperature history of each coal particle is determined by the
temperature of the gas and the pressure in the reactor, as well as hy
the coal particle size, However, for our parametric studies, we wvill
speeify a certain heating rate as an independant parameter, and then
tha gas temperature and the coal particle size needed to best
accomplish this temperature history can be selected separately .

v

., 2. Beuiew of Previous Relevant Fork

A General HFeferences
i

The pyrolysis of coal has creceived substantial attention for

decades but until abhout 15 years ago most >€f the work was concerned
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with <coal carbonization and coke production, i.e. coal pyrolysis with
slow heating rates and long residence times of the sclid material and
the volatiles in the hot reactor [ 1 - 8 ]. Most of this work was done
in fixed bted reactors or in lahoratory retorts. The otjective was the
optimization of the quality and yield of coke. Extensive understanding
of the structure of coal and of the products of the carbonization
process vas obtained through these studies.

Several standard laboratory methods were developed in connection

Witk the pyrolysis processes. These include the Fischer Assay (

originall” called the Fischer-Schrader Rssay, developed in 1920 j[45],
the Bureau of Mines - Pmerican Gas Association Method [ 6 ] amnd the
Gray-¥ing Assay., Thesc are used to determine carbonization properties
and the volatile matter content of the coal. Each employs slow heating
rates with eaximum temperatures between 5(0 and 900 C, with no sveep
gas used to remove the pyrolysis products. As a result, none of these
can prevent secondary raactions between the volatiles and the coka.,

Tollovwing the disccwery in 1968 by loison and Chauvin { 9 ] that
rapid heating of the coal results in a higher volatile yield than
expected ' on the hasis of an ASTM proximate analysis [ 44 ), new coal
pyrolysis nrocesses have bean studied and a better understanding of
the process has beeen ottained.

Studies of the pyrolysis process in pulverxzed coal flames have
yielded information on the effects of rapid heating rates 0 - 13 1.
Snall particles ( < 1"0mm) and hcating rates up %5 5.+10% C/sec were
us?d in the reported tests, Meanwhile, interest in coal coaversion was

‘ qroving #t this time ( mid 1950's) and the objective was nev “to

Dixirize the tar and qas yields { 14 - 17 1. These processes
characterifwd by raesidence times of the product gases of less than 1
minute ard hieh heating rates of the coal particles. The aml is
dovolatilized ip fluidized beds or entrained beds and a carrimar gas is
used to ranidly sweep the volatiles out of the reactor.

Several auttors have previously proposed different reaetion
schemes to describe the kinetics of coal pyrolysis. Just as in the
general literature on coal pyrolysis, these models can be divideld into
tvo Classes
a) PFodels for slov pyrolysis : heating.rate less than 19° C/sec or
low final temperature ( < 693G C)

b) Models for fast pyrolysis : heating rate higher than 100 QI-ac and
hiqh f{kal tesperature ( > 61C. C)°

- Probanly the first chemical model in terms cf a complex of
chemical reactions was formulated by van Krevelen et. al. in 1956
[1,31. They proposed the following overall scheme: -

T Coking Coal «———e= Metaplast
I Metap last ————e Seni-coke + Primary Volatiles
III Semi-coke e~ COke + Secondary Geas

K

"rey did not incotporate any secondary reactions, although their
exnorxmantal data were from slow carbonization processes, vhere




164

secondary reactions certainly occur. Van Krevelen proposed this scheme
as a " mathematical model " with many simplifications, but with the
potential to explain, at least qualitatively, many of the phenomena
observed in a carbonization process. His main concern wvas the
softzning of the coal, without being as concerned with predicting
yields. He assuned first-order reactions with an Arrhenius type rate
lav. B=cause of the simplicity of this model, it gave only qualitative
rasults and vas applicable only to a small temperature range and low
heating rates.

Hill and Wiser at the University of Otah [ 18,19 ] conducted a
series of long duration ( up to 10 hours ), 1low temperature pyrolysis
experiments. They observed three regions with different reaction
oriers. In the first 60 minutes ¢the rate of the reaction was
approximately of the second order. This perinod was followed by a first
order period for about 100 minutes. The last region was found to be
zontrolled by a zero order rate law, This sequence was interpreted in
terms of six chemical reactions, that have been formulated with
mo>lecular compounds. This mechanism is based on experimental data for
only thase slow processes, and it is not applicable to fast processes.

Barkowitz [ R ] obtained similar data for slow experiments and
concluded, that for the conditions of his experiments the rate
deternining step of the pyrolytic reaction was the diffusion of the
volatile matter out of the coal particle. Later, however, Pitt [ 5 )
used his own experimental data and the data >f Berkowitz to support a
chemical model, Pitt interpreted coal as a mixture of many components
that can decompose independently, following a first order reaction
with a vide distribution of activation energies. Unfortunately, Pitt
1i1 not determin2 the weight loss directly, but used the remaining
volatile matter in the char as a measure of the degree of
decomposition. Purtherpore, he used a fixed, arbitrary frequency
factor of 1.6:10%7 sec”® in the Arrhenius formula to determine the
distribution of the activation energies, which of course 1is an
arbitrary constraint that affects the numerical values of the
activation energies, -

Between 1960 and 197), Peters and Juentgen et.al. at the
Bergbauforschung GmbH in Essen, Germany [ 2,20,22,23 ] did some
extensive studies on the gas release of hydrocarbons during very slow
carbhonization. They found that this gas release can be modeled by many
parallel first-order single reactions, i.e. by a first-order reaction
complex with distributed activation energies and frequency factors.
They postulated that the gas release occurs in a sequence of the
folloving four steps [ 22 J:

R) thermal activation of the coal substance ( equilibrium

reaction ) ’

8) unimolecular reaction, bond scissions and formation of

radicals

2) reaction of two radicals to form a stable molecule

D) Aiffusion of the molecule out of the particle

Pigure 1 is a schematic representation of this process, The
aromatic ring with aliphatic side chains represents the coal

R SR Sy -
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structure,

Besides these models that deal only vith slow processes, some
models have been developed that can be applied to a fast pyrolysis
process ( heating rates 5N0 C/sec and up ).

Kobayashi [ 24 ] used the data 5f Kimber and Gray ( 13 ] and
Badzisch and Hawksley [ 11 ] to develop a kinetic model for the rapid
lacompasition of pulverized coal particles, His mechanism consisted of
tvo competing first order reactions :

¢ —L (1 xg) S, ¢+ x4 Yy
C —dhem (1= x,) S; +1x, 9,

The kinetic values and the heats of reaction for these two
reactions are given in Table T ( Stickler et.al. found later in high
tanperature experimaents that these heats of reactions are
overestima%ed ). This mechanism is applicable only for high heating
rates ( 107 C/sec) and high temperatrues ( > 1000 K ); it does not fit
the slow, low temperature pyrolysis data.

Very rccently Stickler et.al. [ 25 ] applied this scheme to model
the gasification of pulverized coal in hot combustion gases. They
added a physical gas flow and heat transport model, so that they were
able to consider the heat-up of particles of different size classes,
They used this model for comparison with experimental results for very
higqh heating rates ( 0% c/sec ) and high final temperatures ( 1700 K
- 23)0 K ). In this linited range of operating conditions they only
had a few experimental points to check the accuracy of this schege.

Anthony wrote (1974) his Ph,D, Thesis on the kinetics of coal
pyrolysis and hydrogasification [ 26 ], He conducted experiments over
a temperature range of U0) C to 1000 C and with heating rates varying
from 102 to 10* C/sec. He found that the weight loss depends on the
final temperature, but not on the heating rate. This 1led him to
conclade that there are no concurrent, widely different competitive
reactions, He therefore proposed a multiple reaction model with a
statistically distributed activation energy, but with a constant
frequency factor., Por a bituminous coal he determined E = 32,7 ~ 81,1
kcal/mole and 3 = 2,91+ 107 sec™® at 1000 psia. He also introduced
secondary deposition reactions for a " reactive " part of the volatile
1atter, which compete with the diffusive escape 5f the volatiles. He
determined the ratio of the reaction rate of the secondary reactions
to the overall mass transfer coefficient from experimental results and
did not investigate these degradation reactions in detail. Neither
Anthony nor Kobayashi, however, made any distiction between tar and
gas in the volatile matter,

Tha numerical values for the kinetic parameters of the reaction
schene ( activation enerqies, frequency factors, and stoichiometric
coefficients ) proposed in the present study were deduced in part by
fitting the theoretical predictions with relevant data reported in the
literature, In the present study, attention has been centered amainly
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o the  primsry Jocsnposiricn. Two sats of data uere
ma5t sultao for this gurwnons~ : Iungves obfaintd Iy
dawusioy 37 ) at 2CUFR in G Zritain, and results
Juastgan {02 1 of PNargbauforschung 6Grhil  in g Y
sessarea groups rale their experirents with saversl coals of aif!
rank. The rasults for twe hyiL coals have been used in our pr
stady. in tre following, +the workx of these two groups will b
discussed 1in dcfall.

Coal

N
5+
"
P
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h
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Jtilisation Zesearch issocation (2CURM )

3 Work Done hy ©Badzioch and Hawksley at the

sadziock and  Hawksley simulated the conditions in a pulverized
coal flame, i.e, high heating rates ( 25037, = S5%CC2, C/sec ) and high
temperaturas ( 3%) € - 950 C ). Thev used pulverized coal with a mean
varticls  size of about 27 um . The experiments were carrtied out for
taon differeat coals, fror which we chose coal D, which is an hvihb
coal with a comvosition siwmilar to that of coal Tuerst lecpold uscd by
Peters and Juentqgen,

The experimental apparatus was a lamirar flow furnace, wiaich
reated to the desired termperature and through which a Dpreheatad
of nitrogen was blown. The ¢oal was then injected tcgether with
cold nitrogen ( in a 41ilute Flow ) into the hot main gas stream,
necar-uop of the coal particle was rate-corntrolled by the nizing of
culd znd the hot gases, -which was found to take anprcximately 20
( for G wm particles, thermal equilibration intectnally 1s
conpares with tae fluid-rechanrical mixing rate ). The coal pa
“ere collected and raridly guenched after travelling a predet

2
fad X

distznce Ixom the injector. This distance contzolled the
tine of <te particles in the furnace, The waight loss was A
by analvsing e solid residue with respect to the ash ccntaat
proximate volatile matter.

Tha aqualitative results are

Py The devolatilization products are ©
fast process than for a slow pyrolysis [ 1/

2 ) The uweight loss oxceedzd the nroximate volatile mettor Ly a
factor of 7,3 - 1.4% , ﬁennndxng on the coal rarnk,

r ) Fvan though the weight loss curve leveled off after about
msec ( depeuding on tae tcmperature } some residual volatile nmat
“as found in the char.

cher in tars £or +*his

el

e

[

o
"

They vere able to fit the exverimental results with an empirical
rzlatior ror the waight loss as a function of time and temparature :

¥oo= Bgtva, (0 - Bg )7 - exp[ -i-teexp( =B;/7) 1) (1)
"he devolatilizatien curves show that devolatiliza“ior starts

asour 20 assec after the injection, i.e. approximately at the and of
the heat-up period. The time scale used in the equation therefore

.
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stAar 235 msec afroer injection. This inlicatacs thit  the
e v7¢“u~114at10n during the heat-up neriod is only very small, and
t;lf the devolatilization occnrs aessentiallvy at- a cenosant
tamperature.
Radzioch and Yaukslay vointad out, tha expa_x.onts
FaTe osen such that it rmiqkt Ue scTely assumed +h
Lrcomposition toolk place and that ro sacondary degrea
ainl

aved by the short res

ozcured, This was mainlv achie nes
high su2ep gas-to-coal « flow vratio, and ths e

fuditisnal exporimants gor «a"fzc s { un o ki

2rfect of *ha particle siz dayvolatilization [

that the heat and mass transporit processes are not tr

for these expcrimantel conditiors,

Despite the conmplexity of the procoesses during the hos
( mixing ané heat corduction ), ve assumed in our modalin
h“afin rates for each case. Fowever, in order to reach i
e@aperature after 27 nsec, the heating rate had to he adjustud to aach
fxnal temperature.

"mforturate ly, the theoreoti su
secharnise could not he cowpared Zire vy with the e:
of coal 92, the one we had selected, since in ref.,
exnarimental points fer a coal § are rceportad,
somparison will be made ketween the curve we calculared
1 with the  empirical values given for coal D, and
results obtained with our own kiretic schene.

lts obtained
i

o hy

k done by Peters and Juentgen at the 3erqtauforschung Gabl,

T
257 )

¥o
(

Peters 5, Juentgen, and collecagues ap proacuned tha nroblenm
7yrolysis  Kineties frer two sides, Tirst, they Isrmulated a
th=aory  for non-isotuerral experiments with tharral ieqg
reacticon, vhere +the temperature increases linearly i
7 27%,3%,22 1. They made sone parametric studies to dotermis
cuanges  in the gas release rate as a function 5% terperature

.

icrivation enerqy, the frequency fector, the heating rate or
tzmperature are varied. They derived a very useful expressicn
that <oorrelates the theating rate £ and the tezperature T,
naxiaum gas release occuraed: ’

() () < - = ®

h ¢ equation, which vas derivel for a first-order, it
Ty ne ate lavw, gives a linear relation between ln(m/T;' and 1/%,, if
thea EQaCtLOﬂ mechanism rerains +the same over a certain range of
h2ating rates,
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v structure or coal is voecy irreqular, and the Lo
to ha brokan to release volatile.mattor do not  hava  th
enargias Dbecause +they are diffarently influanced hy +h
atnrs. This, inflneaces the activation ecaergies whick

connled with the bond energies. Tharefore, the concept
conplaxas was introduced, whare a certain distrinhution of 4ct1‘ flon
aairgies and freauency factors is used to-dascribs the rate of &
r2action [ 2 ]. This model has been used succassfully also by other
investigators [ 25,23 7.

In  the exneripental work dora at BIT T 2,21

rate ot mhydrocarhons ( CH, up *to Cz ) vwas aeasured for varicus
heating rates { 13°% 1o 1% C/sec ) for different coals, Tor tha
comparison with our mdel the results for the coal Fuerst Leopold, a
hvAhk coal, vas used.

1. .
1 tha gas

The main results car te sumzarized as follows:

: ) For all hydrocarhons a linear relation batwcen 1n(w/”m )
1/7"m was Zound over the whola range of heating rates that
investigated, This led to the conclusion that tha =mechanisn £or tae
production of these species does not change for these heating ratos
ani temperatures,

2 ) The best it of the experirental yield versus ¢“emberature
curves for the higher hydrocarbons ( C, ani uc j was obtained oy
usirg a rate law with a distributad activation enerqy and framuency
factor ( TrTeaction complex ). It was also possible to oktain xinetic
values for tlhe case of a single reaction (discret= activation enerqgy),
sut there the agreewrent between the expericental and the theoratical
curvas vas not as good as for a reaction complex.

fesides thes2 two major works denme at RBCURA and 237, information
irop other publications has been used to obtain a batter picture of
the process and to dustify certain numbers or certain relations
betvween different parameters ( see sections 4 and 9 ),

« General Schene Fer Zoal 2Pvrolvsis

The reaction schere which we vant +o proposa should re anslicasl
ovar & wide ranqe of parameters, representing if T[ossible al
iunortent narauwzters in real comrercial systzus. Pollowing ¢re sone ¢
tu2 olserved trends which should he reflected in such a nodel

i.) Yields of volatile matter increase with increased final
Ternulature of the process [ 26,27,16 1),

2.} Yiclds of yolatile matter increase with increasing heating
16,1%,12,16 3,

) Slow heating rates (carhonization processes) vield less tar

st devolatilization processes,

.} Increasing Led heiqht in a fixed bed rcactor decreasss the
yialc of volatile matter [ 4,28 ),

£.) Tar vapors can be cracked at temperatures above AOT C

cures [
&

than

rmu

o~ e . e A
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[ & 27 %
f4) Incrcasing narticle size dac yiald,
7.) The yiold nf +the various creducts  vacy
prissure in the rcractor, in vays that tyvc.
Tt is poosizle  that itenms (4) and
rzems (1), (2), anéd (3}, but there wmay
cornassed by the ecarlier noted trands,
~rondse The effects ({E),(5), ard (7)

natywaen chomical winetics, heat and nrmass
Zinid flow processes. Tn the BCU2IL and 227 wo
minimizedéd in the desiqn of the pyrolysis expe
bring out. particularly the purely che
(1, (2),(3), and (5).

cur £irst attempts have heen directed toward simulating mnst  of
tha above roted trends or characteristics. The recactions wilil bhe
Sormulated in  terms of qgeneralized. compounds, similar to van
{rovelei!s. scheme, which did not attempt to specify the chemical
cown‘ltuonf of cach type of product. :

Pascd on these findings and various waeight loss curves o tad
1n  the literature, a general kinofic schema Zor coal pyrolysls can b
rostulated | Tanle IT ), Even this scheme, more colahorate than that o
van Xrevelen, can only he a verv simplifisd picture of “ho re=z
srocess, due +to the limited nuasber of reactions and of classes of
products and reactants.

‘hr—J r Q

Activation step ( reaction 1 ) : The ccal wmoleccule is
dactivated, bond scissions will occur, and radicals and sraller
Iragments of th2 origiral coal structure are sroduced.

2.) Primacy decomposition ( reactiomns 2 - 5 ) : . the act
coial endergoes: further reactions ( additional bond treaking,
recombination reactions, retc., ) to form the nonrimary volatile mat=er
(prinary tar and primarcy gas ).

3.) DNDeactivation step ( reaction A ) @ it low tomderat:

his ccheme can bo divided into five main parts:
)

thoa p;inary decornosition reactions are still very slow, e
activatad coal may Aesactivate again., This deactlvatlon will prmobanly
not be simply the reverse reaction to the activation step, since it is
ve:‘ xely that, once the cozplex coal structure is onrceken . un, the
Irac "ill recoshine teo exactlv tha sare struacture. 2robably the
AUPY: coal will have a more stable structure than ¢

coa

. .

4,y Reaction 7 and reaction 2 : the liquid »ncimary tarc
rnutas to go. If sufficient heat is supplied it can vaporize
» narticle or at the surface ). If, however, the heat fiuvy,
vhwnrv7atlon ratc¢, is very slow, *then the liquid primary tar
nof a very stable molecule ) can follow tha competing reaction
vpalvaocrize ina1de tte particle., "his polymerization will oprobably
y~o1'q somo secondary adas as w2ll as augrment the char. )

5.) Gas phasce dagradation { recactinn 9 and 13 ) : ttat portion of
tne tar that has vaporized ard diffused out through tha coal pores,
can undergo secondary decompositon reaction in the hot recactor, until

"
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it is  swept out and guerchoed, ™he ra2actions ave frobalLly catalywed
at tha sarizee of the ccap particls This deqgradation can pre divic
into two roactions: reaction ¢ diegcribes tle nolvyeerisation in the
phasae and reaction 10 the cracking of the primary tan, :

Tine aas phase deqradaticn reactions 4 and 1% Iron

just a secorlary gas and a sclid residue, are

simplified. Soae of the tar will actually Aeqrade

sacondary product { i.o. light oils ), and surely the pri: v ca

se cracked further. At praesent it does not seem Tzasoratle to add morz
complexity  to  the ieqradatlon, since it is very difficult to Z4ivide

exvorlnextal results into affects duve td> the primary decoxznostion and

into effects due to the secondary degradation.

in order to

T“his general scheme , houvever, had to be simpilfied i
se of tte
i

i
assign xinetic values tc the different reactisns, heca
limited experimental data. Therefore the following sinm
ware introduced:

[lCithn"

e Yery small particles ( i.e. physical processes like neat and mass
1iffusion are not rate ccntrolling, because the characteristic

diffusion tima is smrall).
Uniform tenperature throughout the particle

e Instantaneous vaporization ( i.e. no decomposition in the liguid
phase ),

s Time for deactivaticn negligitle.

This means that thc keat transfer and mass a2iff:
are set aside in the fitting of onr rodel to the availail: Th
simplifications will, of course, linit the applicability of ¢
reduced kinetic scheme to cases involving small particles.

)A.

Tho last assumntion had to he made for the folloving r=asons: The
1eactivat ion occurs mairly in low terperature orpcesses. Iu these
wrocasses, the deqgradation of tihe liquid tars will also be
apnraciable, DLecause the vaporization rate will =& slow, = 3oth
reactions occur inside the particle apd Aacrease the yiald of volatila
t wo

matter, There are no experimental data availables that uld indicate
how muca of the decrease in volatile matter vield is due to any of
these + ot reactions., Therefore, if we neglect the 1i i< tar
folvmarization we will also have to be consistent and e the

deactivation.

“he <e¢hova assumptions lead to the simplified scheme shown in
Tahle TIT, This scheme consists of three parts:

)} activation step

b) nmrirmary decomposition to gasecus primary tar and primary cas
{reactions 2 - 5).

<) secondary. degradation of the primary tar in the gas phase
{reactiors 4 - 7).

Ir tha remainder of the text the term primary dacomnosition
jJenerally will include the activation step.
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tt, Primary Eeccmnnsition

The main part of this panar i

“hn ‘:-111'7...4-_
). *or this rart of the schane nnmerical val
guramnfpr have been obtained hv Jitting the thoorotic
data reported in the literature cite In +the
tests, the degradation of +the ¢ volatiles
negligitle, so recasztions # and 7 pla ittle role

th2 reasoning that led to each of the tions 1 to =
sunmarized,

i
deconrosition ( i.e. reactions ' - S o

These tive rcactions form a model for the orimary decomposition

of coal. The initizl activation stap is followed Lty tuo parallel

saquences for the dercomposition of the activated coal: a lov

activation enerqgy sequence, consisting of reactions 2 and 5%, which

4ill he favored at low terperatures, and a high activation energy
egquence ( reactions 3 and 5 ) for high temperature processes.

Reaction 1 :

it th2 beginnirqg of our work, several differ=nft reaction schenes
had heen formulated that consisted of several deconpositicn reactinns
{ simrilar to reactions 2 - 5), kut without the activaticn step. The
kirnatic numbers had been selected to fit the BCNI2 results { 11 1.

jowever, it was found that these scheres could not he appliad to slow
carhbonization ©processes with heating rates of 1“°2C/sec and slover,
tecause in the theoretical predictions of these slow processes the
coal would then decorpose between 120 C and 200 C. Thar is, the

reaction rates of the low activation enerqy decomposition reactiors,
adjusteéd to the fast nroeesdes, turn out to be muchk too fast at thase
lo¥ tenperatures,

Therefore the activation step with a high activa+tiorn =anergy was
introduced. This reaction, interpreted as hond-breaking, provides an
2nerqy barrier for processes at low and nedium temperatures, wnile it
is no longer rate controlling at high temperatures.

io an

n

3

a2

rfter the raw coal is converted to " activated coal " , it
undnrao ctwo different reactions, denerdirg on thoe temprrature. Ode
a low activation conrnrqy reaction forming tar ( reaction 2 ), and
othar is a higher activation erergy r=2action forming opr
“hesa rwo reactiors also produce intermediate solids, s; arnd
resnpectively. They hal to bhe introduced bocause it was found by v
invastigators that the ratio of qas/tar vyields increases with
increzsing temperaturc. The tar forming reaction must have the lowast
activation enerqgy of all reactions, since throughout the literature

th2 tar is reported to te driver off first in a pyrolysis procass.
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“ary slow cathonization axnaeriments [ 2,~,19 J report ¢as
avolurion up to hinhk tromneratures ( 2% € ~ 807 Ty, which means that

a
this gas nrocducing reacticn must h a kiogh activation enerqy., Since
it is ve;y likelf tha*t for these ocesses all acrivated coul Tolisus

23ction 2, wo  have to providn a sncceed I
nte‘r diata solid §; to produce Drimary gas. s

)
? ] in conreaction with the fcrmation of THy
1t fcom several reactions. Rnut in order to luey t!
vrnach tractable, we rave introduced onlv reaction ¢
reaction 2 in the lcow  temperatulz  saquence. Limiting
oconposition scheme at low tepperatures in this way %6 only-
-ormlnq reaction ( reaction & ) cuts off the gas evolution
temneratures than observed. This is a minor dafect in the

this time which can be remedied if desired.

Reaction 5 :

~

Ladziock and Tavksley [11] found thzt 2ven at G5 C scome volati
rartter is lert in the coal after 120 psec which can %o drivan off
coal by a comparatively lony-duration proximats =&
volatile matter remained in the coal even when the welq loss ¢
reasured in the high trmeperature experirent shownod a clea

off after about Lf rnsec. Kimbher and fray [ 13 ] on ths
found that npo volatile ratter is left in the coke after
period, wien tha decomrosition temperature was 1290 7.
that there is another high activation enerqgy reactinrn :
gas from an intermediate solid. This is modelled by reacticn 5 .

5. Mathematical Description and Numerical Schome

In oréer +to forwulate the diffsrTential equations +hd descrihe
the decorposition as a function of tim. e have to define the orders
of the different reactions. In gen=aral, it would have ueen possinle to
formulate the eaquations with unknown reaction orders, but this would
have added emormous complexity to the equations and to the nimerical
scheme to solve tham., Torturnately, there are indications in the
literature that can be used to select the reaction orders in aidvance.

et al. [ 19 ] observed a changing reaction
@ experiments ( 473, C - =69, Ty, fron secor:
: to zero order at the end of the experiment.
aind, many investigaters suggested first order lawvs. -“iz‘oc“ and
tawksley [ 11 ] obtained a very good fit of <their high femperature
experiments with a single first order esuation. Peters and Juentgan
{ 2,21 1, 2itt [ % 3, inthony [ 25 3], and DPennhack [ 23 7 also uscd
first order expressions. They introduced " reaction complexes " with a
distribcted activation energy and frequency factor. )

T e,
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Ty this reaction scheme we did not use distrikuted activation
en2rqies, in order to keep the matheratical procedare simple. !lowever,
it might b2 worthwhile to incorporate the reaction complexes later for
two rceasons :

1.} Sood agreerment hetwoaean experimental and  theoretical curves
hax Leon ontained by this method [ 22 1.

Z.) The irceqular coal structure suggests strongly the modal of a
reaction complex, '

Since in our theoretical model the process at slow heating raras
and/or low tcaperatures ( < 670 C ) is controlled by the activation
stap, this reaction was chosen to Lhe of second order, based oa the
findings of Wiser et.al. The other reactions are assumed to bhe of
first order, following the data reported for the fast processes. These
assumptions abont the order of the reactions lead tc th2 following
system of nonlinear ordinary differential equations for the vurimary
decomposition:

z
dc sat =  <-k4-C

dlCzdt = kg C - (k; + kg ) AC

dpT/dt = x; ky AC

drG/dt = Xy k3 AC + x4 k4 Sp + Xg kg S5y

dSgr/dt = (1 - xg) k3 AC - k, S (:)
dS,7dt = (1 - xg) k; AC - kg Sy

dSys4t = (1 - x,) k, Sy

as, /3t (1 - x5) kg S,

Since reaction 1 1is a second order reaction the
nornlinear. Trerefore, ever for a corstant temperature ovroce
sysrem cannot bhe solved algebraically in closed form.
tinite dirference scheme was select=2d td solve the systez nonum
Zor a giver temperature-time curve. The scheme 1s an
int=aqration method that has h=en developed specifically fcr
tinetic problems ( i.e. stiff differcntial ejguations )
integration method is of second order. The error in each time st
calculated using the reglected third order term. This erctor is then
used to control the step size. ! detailed description of the numerical
scheme is given in [ 34 1.

€. Selection of the Kinetic Parameters

A Stoichiometric Ccefficients

Since all the primary Adecomposition reactions have a solid as the
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reactint, the structnre and molecular weight of which are nown, thi

stolchiometric cocfficients ar2 defined as mass stcichiomatric
corfiticients.

The waxipum possitle tar yield is given hy %, . IZ all coal
follouws the low tomperature route (up to ahout 737 2 ) th Xy ig
ayral to rthe yinrld of osrimary tar. For mdst 2% the fast rnrocesses
{e.g. fluidized beds) tar yielids of hetween 27 %9 and 33 % are
reporteé. But recently Sass [ 37 3 andé Xentser et.al. [ 35,324 ]
reported yields of up to 36 % and Ud %, respactivaly., Therefora2 x, was

chosen as .4,

Radziochk and Rawkxsley measured an overall weight less of &
indicates that the 1lov temperature gas forming reaction =
¢ % gas, which corrasponds to x4, =0.75. This 1is sunjorltad

W
( 35 1] who found a gas v1ﬁld of 9 5 at 730 C ( tecgether uvita

Tha aigh temperature route consists of reactions 3 and 5. Sirnce

unier the fast BCURL conditions, reaction 5 does nct contrihtue any

jas, reaction 3 must have a gas yield of approximately =7 %, i.e.
X3 =3.5.

The bighest volatile matter vields to date have rean roportad hy
Ximher and Gray [ 12 ] and Stickler [ 25 }. Both found a =maximum of
asout 72 i for very fast { "¢ cssec ) and very righ teaserature
{ 2000 = 30 € ) experiments. If ve assume, that at these
temperatures and heating rates all coal decomposes via the Ligh
tamperature route, then the stoichiometric coefficient for reaction 5§
gust ha Xg= C.4, in order to yield 70 % volatile matter.

3

3 Xctivation ETnerqies and Frequency Factors

This reaction is the activation sten, which nrevents the coal
frowm cocomposing at low temperatures in a slow heating rprocess. The
reaction is of second order, hence the rate law has the following form
{ acuation 3 ): ‘

AC/at = -ky C* = =hjexp(-Ey/?T)-c?

o
n
o+

“hen the rate ccnstants were determined, reaction 1 wa
consicderad to be of first order. 3ut the principnal reasonir
a

J

ne 1
ohtairing the kinetic valuas doeas not change if we go to 5
orider expression. Therefore the dearivation of the nurbess  asi
firs order rate law will he nresented here, The rurerical re

siow that the change irn teactlon order did not reguire a chance o
Kinetic values,

"J ‘D
[2Cs BN}
O in P
30
uofary

rin
o+ s
= e
D0

The reason for starting with a system of first order reactioas

M‘% .n’..‘—.e{_. - .“‘\—A




—~— Rl
—

!"\

s

P

175

Wias to sinplify the rcathesatical procedure. The
differential eauations, that describe the changes
for such a r2action scheme, 1is lincar and thec
analytically for a cornstant *egnarature, This thnern

in terms of computirg time and accuracy of the numerlca

a
"
s

results

:s mentioned earlier, reactiorn 1 has to satisfy two condition
A) Serve as an enoarqy tarrier to prevent early decomposition ( €
temperatures < 20 C ) for slow processes, ( BBF data [ 2,271 ] wes
usdd to check thin ).
3) High reaction ra*tes at temparatures ahove €50 2, +o allcw les
processes lixe the 3CUYR? experinents.

Using basic kinetic principals, Peters et.al. [ 28 ] derived a
formula for the gas release of a therral demgracdatioan reaction ( £or
sonstant heating rate and a first order rate law ) . This relation can

De written in terms of the decorposition rate of the undecomposed coal
0o

2 E
RT 2T -
i- = q,xp -A—. 2 RT = .!L—V @
c, m E v,
“here the term C/C, is cquivalent to the ternm (V, -V)/V, that has

been used by Peters to characterize the degree of decomposition.

From the B37 results we obtain the following characteristic
temperatures [ 2 J: '

n = 5,210 % c/sec Ty = 360. C
2= 4,3.10 '3“/sec T = 499, C
m= 1,5¢ 1""C/sec Tm = 230, C

where Tp, 15 the temperature at which the maximunm gas releasc :ate is
ae2asured ( this occures when ahout 50 % or more coal is decorposad ).
This implies that at T = T, ahout 30 % to 50 % of the coal should be
d2coaposed.

The second condition 1implies, that the activation =chould be
essentially complete after the heat-up perisd of 20 msec. This gives
2/ ® (.05 for m = 35330, - 50932, C/sec after ¢t = 20 msec

Using equation &, wve can now calculate the value fer C/Coe f
these different heating rates using several pairs of !y and %7 an
then selact those values that promise the best fit. The results ace
shown in Talkle IV, :

The values for C/C, form = 4,3. 3 C/s2c are alwavs
lower than they should he, or than the values for n = u.2-1n'“,
1.5.1:7 ¢ /sec. This is becanse the temperature, T,, \
deteorrined exactly cenrough from the graphs in { 2 J. A small corretion
in ™,, (docrease) would hring the results into the right rtanga.
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T masults for Ey o= U0 kcal/*o’ show that the decownnau?
high rarseratures is too slow, vhile for 5,4 = 80 kcal/uolc

narqgy sarrier is too high for the slcw heatinqg processes.
value of £, = 7% %cal/role has haen selected and the c
uunancy factor has bhean dotermined to satisfy the two con’lt;ons.

“i~ slow Adccomposition results shculﬁ not change appresiaply yaen
we assume a second order rata law for th activation sten, because
aonlvy  that part of thke process in which tha coal mass frazstion is
grazatar than £,% was considered, Tho ma-dor aeravicr

Efarance in thin

ai
of & seccond order r=maction comparnd to a Flr:t sriar rcaction oe N
howaver, when tahe nass fractions are stall (€ 7.2 ) :
temparature procass, the differcnce resulting from a

sa2cond order rate law is shown in Fiqure 2. It shows

tan coal mass fraction for *wo tamperatures ( 973 x, 1

1qure indicates very clearly that for %=973., X a sma
w2 degree or conversion at 22 msec is exvected, while Fo"
2ven with the second order reaction, all coal is converted
t = 2C asec.

[RINE?

Therefore, the two conditions that were used +o
ginetic values for the activation step are 2ls0 satis
s2cond ordcer reaction, without any change in the kinetic values
thamselves.

. The rcaction rates of the reactions 2 and 3 aze Lased arly on ttha

3TN results, hecause these are the only data, for wulch secorda'v

stion  is  insignificant. These data also have one

itage, housever, because only the ovarall volatile matter 1oso
is reported and no distinction betuween tar and gas is nade,

To ohtain kinetic values, the initial slopes of several RBCHPR
curves ( at dirferent terperatures ) were used. The inirial production
rate of LCURE is

di/zdt = Dedrexp( =By /7) 5

Jsing the appropriate erpirical corstants for coal D (given in [ 1)),
4@ okhtain for the different tenperatures:

T (7)) l 973 l 023 ' 1273 ' 11212 ‘ 1173 ' 1223

aisat ( sec™®) | 7.02 | 10,98 | 16.47 | 23.23 | 3300 | en.ce

This initial weight loss of BCURA will be set equal to tha veiqght
loss predicted by our reaction achere at 20 msec. If we assume that at
2., msce the decomnosition just starts, then no solids Sz &and S, have
tormad  yet and the reactions 4 and 5 do not contritute to the deight
201;- Tacrefore the " initial " weight loss can be approxirated as
£allows :

~—— . e
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duzdt = x, ky AC* ¢ xy ¥y ™ (:)

waare AC* is the mass fraction of activated coal at t = 20 asec, whiich
is deternined from the activation reaction at 297 msec. n values
can be ohtained using ecguation 84 together with the different heating
rates and final temperatures, resualting in

™ (K) | °73 | 1023 | 1073 4 . o 1223

s I e | 1.08 11,00 .. . 100

If it 1is assumed that Efor T = S72 ¥ and T = 1322 % all coal
converts throuqgh reaction 2, the activation energy ard the £{reguency
ey

5501, sec™?
16,768 kcal/mole

R
Zq

T0 obtain the kinetic values for reaction 3, the initial weight
loss at 7 = 1123 ¥ and 7 = 1223 K 1is matched with +the analytic
axpression. At these terperatures soth reactions { reacticn 2 ané 3 )
contribute, This calecilation ther leads to

Ay = 3.8-12° mec®
Pz = 3%.06 kcal/mole
These values howavaer, result in too high a o on rate at 7T =

2373, %, To reduce the reaction rate at T 973 ¥,  and to
simiitaneously Xeep the rates high at 7 = 1i2% - 1203 K, the
acrivation erergy F3 had to be 1increased. 3Small changas in the
frequency Zfactor 2, also irproved the f£it. Pinally the best results
were ohtainad for

Ay = 6.5.107 gec™? ay = 3-109 sact?
Ly = 12,7 %cal/mole g = 44, kcalyzole
2 3

21l this was 4dona for a first order activatior step. Thn
introduction of a second order activation step d4id change the rasults
only by aocout 1/2 %, which is wall within the limits of the accura
ol the BCURA data.

~he big uncerctainty irn these values however is +the assuapti
that at T = 973 ¥ and iN23 K all activated coal decomioses via tho
tempzratere route. Since Badzioch and Hawksley did not rezort any
or Jas yields, this assurption cannot he verified at tthe
yield curvas indicate that the meximur tar yield is
LG - 750 ¢ [ 27,35 J. But in thkese eiperirents secon
isconpcsitior carnct he excluded, However, it will he shown that
choosing another set of Xinetic values for reactions 7 and 2,
ovarall FCUER curves and different tar/gas ratios can be prodicted.

e}

Tn order to ircrease the gas yi2ld and decrease the tar viclé,
both acrivation energies had to he lowered. An activation enerqy, T, =
3 kcal/mole, was arbitrarily chosen and the other values were
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‘mization
asly good

armined 2qgailn by ratching the intial slopns. Mo ¢
carried out, but the it with the 4CUPL curves wa

2] '«‘1,

£o

Iy = S, kcal/mole T3 = 3%, %cal/zole

*igure 3 stows the tar and gas yields as a fanction of

temperature for a devolatilization preeess of 100 msec duration. It is

now clear from this fiqure, that the primary decompos,tion scheme  can

2asily bpe adjusted ( if necessary ) to new exoerimental data which
reports the primary tar and the primary gas yields separately.

Zeaction 4 @

icdeling the slow teating procaéss of DRB7 means that all activated
coal dzcomposes via reactions 2 and 4 .  Therefore, the onily gas
forning rration  ic reaction £ and the resyles of Pators and Juoentgen
for the gan productlion have to be patchod by weaction & . s mantionad
2arlier, it will probably not be possible to £it the w«hole shape of
the g¢as release curve, »hut, the changes of the temperature T, Witn
changing heating rates can be simulated. Fiqure & shcws the results
for

#

1.7+179 gec?

Ry ,
55, kcaly/mole

Ty

#

and the comparison with the BRT curves., Figure 5 shows the influence
2f the xinetic values for reation 4 on the relation &Etotwcen the
temperatuire Tp, and the heating rate m. The corresponding pairs of I,
inl F, have Leen selected to obtain a good fit with the BCURX curves.

2}

Tha Xinetic values for this recaction have b=en choser ra
arbitrarily. Due *to the scacity of experinental data for
tamparature ( > 1327 K )}, short duration processes ( Kirber and
only reported about tern experimental points at different temnera
), no aetailed analysis of the influence of this reaction has
made.

L e B~
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The activation energy of 53 kcal/mole was chosen arbit:arily and
trne  frequency factor detersined, so that at the cxparimantal
coniitions of PRadzioch and - Hawksley no appreciable degradaticn of
S2 to Sg4 toox place. This was necessarty to explain the residual
volatile matter found in their experimconts. )

7. lareement Nith the Exbperimental Data

“he following numbers for the stoichiometric ccefficients, the

T —

N A e emee —
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activation energirs, and the freguency factors have npeen fourd to give

irs,

the bost agreement with the experimental data:

reaction | x | 2 (sec) | r (kcal/mole)
1 1.0 2.0010% 195,
2 AL t,5.153% | 15,7
3 3.6 3,045 a0,
u £.15] *.7-19'3 58,
5 st 1.0.10"° 55.
A Comparison With BCUE}L Eesults

»

T“igure 6 give a corparison hetween the theoretical 2ZURMN volatile
matter yield curves and the predicted curves obtained from the primary
decomposition scheme for six different temperatures.

3y ritting their results with one single rate ewpression,
Zadzioch and Fawksley { 11 ] assumed *that no appraciatle decompocition
had taken place Auring tte heat-up period. They Zound the haat-un tine
to Le about 2f npsec, Only after this 29 msec, *he decouposition
proceets at a constant temperature, which they use 1in their rate
expression. The starting point for the decomnosition was determined by
2xtrapolating the curve through the actually measured pcints to the
line where the w2ighkt loss was zero., The data points were taken only
at .t = 30 asec and later. This exprapolation, however, might not
represent: the true devolatilization curve at thesa early times.,

7#it% the proposed gechanism the hs2at-up period must he included
secause of the activation step ( reaction 1 ) whichk iz fast at
temperatures ahove €C" C, Therefore the results ohtained by our schene
already show sowe docomposition in the first 20 msec, depanding on the
temperature. This prohbabtly is a better representation of +he true
devolatilization curves than the BCURL curves,

The curves show a very good agreenent for t > 3¢ msec anrnd the
differences between the present predictions and the RZURL curves are
not mor2> than 1.5 %. This is certainly less than the error betweern *he
omoirical  BOUPA curves and the actual data points, as obtained in the
CYparikont. :

"igures 7 and A give an indication of the concentration
variations versus time for the differant compounds and two diffarent
rezaperatures. The rapid decrease of the C  mass  fracticn and the
corresponding ircrease in K should be noted. This shows that under
taese rapid heatine, high temperature conditions the activation step
i3 not rate controlling, but goes to completion during the heat-up
n2riod,
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3 Corparisor, ¥ith RTT Results

ferers and Juentgaorn [ 21 Zound, that nhe
1

i
for o hteating rate range of 10 Cssae to 1930

line or each hydrocarbon spacies. Tha curves
WaTe on Zor commarison witl our ¥inatic schenme,
cury lic betvcen these two., The results are sho

ncating rates that are.covered in t;is graph are m =
T/ = 1,518 x=2and = 7% Zysec for /T, =
corresponding temneratares are 393.0 and 727.C, cesnectiv

2 Some Comments ibout The Reaction Constants

?igure 9 shows the reaction constants for the five reactions
versus  1/T (Arrhenius plot ). The following characteristics can be

observed.
1 is rate controlling ug to about 833 X, Up to this

all activated coal is inmmediately converted to onrimary
interascdiate solid 4 , since, (a) reactinon 2 is rcuch

an reaction 1, and (b) reaction ¥ ({ whichk ig tia sacond

s1ity for the docomposition of activatad coal ) is even slover

tuar  reaction 1 . Mbhove 250 K, activated coal is accunrulazted, since
tie sicceeding reacticns are slowvwer than the activatien step.
Tomparison of the two parallel reactions 2 and 3, that follow the
activatior step shows that the tar formation 1is favored up to

temperatures of 12307 ¥, at which temperature the reaction rates are
APDTON tely agqual., Op to around 31377 K reaction 8 is slover than the
precesiing reaction 2, therefore arn accumulation of solid Sy occurs,
Tuis  will result in the gas relsase occurring aftar the tar release,
waich is observed in all devolatilization experiments. The rates of
reaction 3 and 5 are equal at about 2000 K .

8. Chemical Interpretation Qf the 2ctivation Steo

TLa mechanism and rate of coal pyrolysis depend, of course, on
trae molecular structure of coal. Coal is a polymeric compournd ( or
#2Thaps 2 mixture of such compounds ) containing polynuclaar aronmatic,
aliphatic, and some hetcrocyclic groups, H%hile there is some
il3agrecient abourn the nrecise strecture ( for example the nunher and
langth of the alipkatic chains that sometimes lirk aromatic and
acvclic systems [ 39,087,417 )) some general features can e agreed
oo, In particinar it scems that coal contains a polymeric nolccule
(bt nrolecules) having o-C, £-#, C-5, C-N, C-0,Clt, and *E benas { 1in
varying degyrec of saturation), hut that there are no unstaile three or
Iour member ring structures,

. al &'-.‘—-‘m A_A
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Some conclusicrns  akout the machanism of a2 activating
pe drawn from this limited information., ¥irst, in ordar to fooo
mvlecular weight Lydreccarhon €raction, carton-carzon
srokoen at some point in tha mechaniswm, This fact 1s  «o
the  high activation ererqy pronosed for the actival
activation aeneryv for simple C-C bhond scissioa must be ol thc

the bond energy , which is awout /% recal/mola ( for Z,7¢ it
kcal/mole for Tyllyp —e= 2 Caiig , it is 32 kealymela ) [ -? “or
alimipation oz Hvlcrh in sixultaneous vupture of atle b

Londs, activ“tlon anergias of 65 kcal/mole

six=nenbercd ring systers.

It was shown that the oniy accentahle
pre-cxporential factar for the rate constant was 2- 36 ‘
the largnst measured fraguency factors for hond sciss icrs ar 6 the
aorder of  10'%$ goc™®p 52 ], lowever for +he degradztion of

polytctrafluocroethvlena ( teflon ) a frezuency <tfaector of about
1% sec~2 uwas measured [ %3 ] and a comnlex rtadical mechanism in the
501id phase was nronosed for this process. "herefore, <the activation
step may 1involve nrot a single c¢lemantary reacticn, but a conplex
radical mechanism with chain reactions, such as the following exarple

R~y ¢’

2!

vhere ¥ ,¥ 3" Qdenote functional groups in <+ha coal structure. &
similar mechanism has heen proposed by 7iser et.al. [ 1¢ ].

9, Secondary Daecomposition

Tt 1is ©puch wore difficult to ohtain and int
lata apout the secardary decomzosition than it is
dacomposition, because the effacts of the ;ocoﬂ
always coupled and/or covered by the aoffe
decnmposition. PRut there is sore, mostly cual;te
svailatle that can ke used to support a secondary decc p051t10n
consisting of two gas phase reactions.

Feters [ 22 ] investigated the differences hetwean tha tars

n
a low temperature carhonization and from a high <*enperature, t
pyrolysis. He cracked the high teamperature tars ard found thzt “ie
craciing products were substantially different frem the icw
tuanarature tars. Sirce a low temperature carbonixaticn is a very slow
procass, the volatile ratter that is driven off here is to a large
sxtant the product of a secondary deqradation. The difference i tue
prodicts ftror a slow process and the cracking preducts high
temperature tar then irdicates +that there must b@ twe iffereat
1 udation reactions. Therefore, two reactions € and 7 of the

t
rplified scheme have been formulated:
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FT e ',\'6 SGy vy ."-.5
PT ———m %, 56, + Vg S¢
The polvmerizatiorn is a low activation enerqy roacti 0', wadle tle
gracking occurs at high temperatuces ( > 4¥0 C ), i.,0. it kas e kigh
1ctivation nnerqy,

Soma  data has  been rTeportad in the 2 can hn
tatarureted an tus result of gas whase pdlyeecizaction, leun & )
ant Fgsepbkiagh et,al, [ 28 7 tound a celationship hetu : a of
1 fizel coal red and  tho coke qd volatile i 21453,
resvectively. Yazumdar used a slovw ting process ( Gr say )
whila =sserhigh et,al, usead neat' rates een and
2) C/sec. With increasing bod dapth tha coke  yield irn ¥ aile
tha volaurile mutter yield docreased. *azumdar found no 2 rrca of any

cirtves is
sad, S he
Irom  the

"racking reactions. Therefore the onlv 2%¥planatinsn for
erization reaction in the gas phase. The deon
Lanq?: residence tire of thosce vapors that origirea
lower als while the vapors from the top layers of ¢ ad still
can escapé !0-df1VPLY unaltered. Mazumdar reports a decrea in tar
yields from 15 % at " zero bad thiciness "™ to 3 % in large core ovens.
This was accomranied Ly an incre2ase of coke yield from 77.% % up to
about 7% # . This indicates that the polymerization degrades the tar
to a solid and a gas { or light oil ).

Yot nuck  data  is reported in the litaratnre on tha cracking of
the primazy tacs. However, at least cone ohssrvation has hesn made hy
savgral investigators 1%,13,27,29,3% 1+ there is no asoreciable
cracking o Tar vapors at tennaratures Selow A%0 2 . In ot nor:al
cemperature ranje of coal pyrolysis processeo { < 10t C )y =«
hydrocarbons will not crack . Therefore we will only ca
tharmal cracking of the primary tars.

In order to considar the secordary desgradatinn rzactions i:
moiei, we have ¢to formulate a mathematical .odel cf +he Ga
tirough the reactor. This is necessary to dstarmine the residencs
9% the volatils matter that is released fror the solid ir ta®e reacs or.

sur present approach is directe? towards the fermulation of a

v2ry sirple model to siopulate the fixad-b24 conditions that have hazen
2 Essenhigh et.al. and Haznndar ¢n ottain their curves ;
matter ( 9r coke ) yield as a function of the ted heoighz.

0 curves will te used to select the kinetic parametars for
s 5 and 7,

iz followina simplifying assunptions have bean rmade to foraulate
i mathomatical model of the fixed bad reactor:
e O ckanga in porosity ( i.a. void space ) Aduring trhe
fecouposition of the coal particle

. ~ssure drop { p = const. )
. i fled temperature history ( copstant over X )
e CO ant ¢ross section

» uniform distribution of the coal in the bed, herce constant Gas

T
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and tar release rates over x
. t~ paratare it thke qas phase is equal to the uriforn particle
Amnoerature
. ﬁlftu ien in thae qas nhase can bhe nz2qlested in cemrarison % ith
ti¢ couvective trans porf

This iaplies that the momentum and ererqy equaticn da g
be utilized and only the conservation equations for mass and spgecies

aced to be solved,

The gas and the tar nrodnct
151in3 the nrimarv decomposition
surve. This separation is possik
10t influ=znced by the sacondary

Th® stolchlonmetric coefficiants x and x for thao two 5us nhase
reactions are defired on a molar tasis. Tharefore, rolzaular weighats
have to estirated for the gaseous spacies. The coefiicients vy and
y for the production of solid material are defined as mamher of

qrams of solid produced hy the degradation of on2 mole cf primary tarc,
It is not necessary to know the rumbher of moles of solid { which would
1anend 25n tne unknown rclecular weight ), since the material balance
is not rascd on molar quantities.

Per +the non-steady gqgas flovw througqh the ted the following
conservation equatiorns carn he derived:

{PRT * pEG) + RR;”I‘J ) @

3pacies Conrtinuity

)g 9% I ,
oy gy Ys P Yup e SugE = g PR R
f y
b+.

Four 'neciﬂq are present in the gas phase: primary tar, oprimary
7as, secondary ' gas, and carrier gas-(swoep gas). The carriewr -jas nay
e the fluliizing aas in a fluidized bed reactor or the transrort qas
in a transnort reactor. It will te tra2ated as an inert gas that oniy
dilutos the volatiles ard sweeps them out of the reactor,

The reaction rates that correspond to the two gas phase -
reactions, £ and 7 are:

EL:PT '(k“" ko) Ypr
"-F‘SG = ():Gk‘+ X7'{9) Ypr (MSG/HDT)
= T lygkgt Yykg) Yoy (1/¥py)

TR = 0.
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tiing
counind, non-linear partial ditterantial eguations

We X / '
R L { PR, + RR; /V;(;[PRT»*PU*?&J-:)} ®

with Y"‘ = Yp-r, “'PG-’ VSG’ ‘CG

sgation 7, cauatinon A roduces £a the fallowing nystom of

Undr the assurption, that all qas bdhase components Zoilow
ideal gas law, tbo fol 10'an is true

““G"
g = (1/2 ) @

d-l ' .
and  with tris eination of state the partial derivativen df/&t and
38/9x in equation 7 can he eliminated and after some rearcancemoents
an ordinary differcntial equation to to calculate the velocity can he

obtained:

Yor T2
de _ (Pkr ;ch " [(X‘_:t)/{‘.'{x? 1)A'j v /9 /@
dx M M E “.
pTr Ps TJM My

The system of partial differontial equations will he solved
nurrerically using a linear finite element method with a qonaralized
ianlicit time marching nrocedure. The pon-linear inkomegenaous terss
will oce «quasilincarized using the first term c¢f a Taylor-series
axpansion, :

{inetic values for the two édegradation reactions «will then be

selecred in order to obtain good agreement between the theoretical
yielés for different bed heights and .and the experimental data,

1%. Summary and Concglusions

* kinetic model for coal pyrolysis has been daveleped that can ba
used rcr the theoretical optimization of coal conversion processes. In
contrast to many previously proposed schemes, tris redel Ras Laen
formulated in terms of general corpcunds like tars, gases, and solids,
volatile matter has been divided into licuid ané gasaous
furthermore, a high activation en2rgy step hes L2

to convert the rav coal to activated coal., “ith this
activation stepg it is possihle to apply the scheme over a wide range
ot *enperatures and hedting rates, unlike other schemes that have Lean
linmited to narrow ranges,

The oroposed kinetic model consists an activation step, four
primary decownposition reactions in the solid phase, and L
itjradation reactiors in  the gas phase. 5ood agreement bhatw
srzvionsly published experimental results and the theoratic

e

ssedictions for vprimary Jdacoxposition has been obtained oaver a wide
range of hzating rates { 10°7%to ‘D'SC/sec } and, associated with 1%,
aver a wide range of ternperatures ( 459 .C to 950 7).

e e e T, e
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‘wv winotic model Fkas heoen Zoraul

have L warained for a high volatile 2
with dJU~OuLLuf( ney enrarical  val
coeofficients, the activation @nerqgins, znd
scheme  should also be applicable  dor

eontinng say bo anthracite, Dbacause o f
Tollowing the procedure used  for che
constants «ould he determined, cspecially
as  w#wa2ll as Peters ard Juaertgoen did
severrael ccals of differert ranks,

£ kinwt'ic paranmeters werd availabl
parameters  probahly cculd ho  corcola
uroperties of the coal, e.9. thn
analysis. In this wav the
applicable for Aifferent coal ranks,

i

The work that kas been done so Tar is only tize first step
4 theoretical techrigue for optirizing coal conrvarsion »pro
Towever, tlhe scheme gives a deepar understanding of th2 v
process and opans meany options for additional workx and applicat

the narzi
proposad xave  in the general schem2, Lut then had to ha
hacausc of the lack of experirmental data against which to
theory.

L refinement of tha scheme probahly should include:

1y Lridition of the dagradaticn reaction of the licgeid tan insi-io
cle and the deactivation of the activated coal., i
a:

2 ) Characterization of the physical processes like tar
vano*izat;on, heat transfer to andé inside the coal, and the diffusior
of +he volatile matter out of the coal particle. This wenuld aillow =i
iavestigation of the influences of bha2é height, pressure and particle
size on vields and a determination of those conditicns in waich

shysical processas are rate controlling,

2 ) Zdentificatiorn of the gernerzl compounds ( tar,qas, so0lid )} irn
ms of chemical species in ordoer to distinguish “etuecn more or less
sirawle pyrolysis products. This more detailed forrulation of +tie
ctions can also lead *o the datercination of the heats of reactincg,

:111 not he nossible to accouplish these noints nLy using co
zntal data presently availanle in  the opzn liferatura.

and extend our kinetic model, new experiments will havas ¢
and conéucted, HYowever,our kinetic schema helps to i:
.ortant parameters that will have to b2 properiy consi:de
veriments. These parameters will include the identification
velatile mattar with respect to tars, gases and liquors, possxt;y
2van with raspect to specific chemical species, and the offeccts of the
parricle size and the pressure,

,.J
rV

» importance 0f a good chamica netic (and thermochenical)
schen is +thkat it can ke applied to tuo theoretical modecling of coal
corversion processas, This will includa the coupnlirg ¢f  the chamical
< tic rmodel with models of flow reactasrs, snch as fluidized beds,
fivnd beds (co-current or counter-currant)}, and entraired tlow
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rictora, acause nf o the distinction hetvnen tars aad different gasas,
reactors, lac o

our rind..l  is  readily apnlicabls foar  the optirizatica of  caal
liquetaction andl coal gasification bprocesses, tith i firt e

atinn can he
viaiuz of 211
N cxn non

refi nt of +he model the nossihla qgoals for nbd
axtoenisd, €.q, an optirization tnwaris a maximnm aconcrw
tam pyrolysis products wculd he uvnssible, T raactor doest
this xind of mydel alsc for controll calenlations, i , 10w to
achiave optimum vield er how tc avoid undasired ceactor stahlliitios
( using the amuariorns in dynaric form ). Nir approach to the rol=ling
of the gas phase degradation is a first cxanmple (as i.e24 anove)
of rhe coupling of tha chemical kinctic scheme with a s 1fiad  flow
reacter nodel.

.
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NOMENCLATURE
Fregquency Zfactor, sec'-l
lass fraction of activated ccal, gAc/gstart.Material
Empirical constants used by Badzioch
Residual volatile matter in the char

N c .
lass fraction of coal, qc/dS -art.Material

Initial mass fraction of cocal, gc/gStart Materwal
(normally = 1)

Activation energy, kcal/mole

Rate at which compound i is produced or consumed,
gi/sec

Heating rate, K/sec
Molecular weight of gaseous species i, g/mole

Rate constant of reaction j, sec™!

Pressure, g/cm2
Mass fraction of primary gas, gPG/gStart.Material

Production rate of ggseous species 1 due to primary
jecompositi . -
decomposition, gl/cmReactor sec

Mass fraction of primary tar, gPT/gstart Material

Gas constant, kcal/molekK
Reaction rate of species .i in the gas phase, g. /anasPHase ec

Mass fraction of solid intermediate 1 or solid residue
i, gS/gStart.Material

Time, sec

Temperature, K

Temperature of maximum gas release rate, K
Flow velocity in the gas phase, cm/sec

Gas volume released by a_thermal degraéation reaction
(varying with time), cm3/gMat




190

Maxinmum possible gas volume from a thermal degradaticon
rcaction, cm*/q,_ ..
mac

Mass fraction of volatile matter, g VM/gStart.Material

o

Proximate volatile matter (ASTM standard),
Weighe loss

Stoichiometric coefficient (by mass for reactions i-5)
(nolar for reactions 6-7)

Stoichiometric coefficient for the solid residue »recduced
by the gas phase degredation.

Mass fraction of gaseous species 1 in the gas ghase
Density in the gas phase

Void space in the gas phase

Table I

Kinetic parameters for the pyrolysis model
of Kobayashi (Ref., 25)

XKINETIC REACTION

PARAMETER I . I
Activation Energy E 17.6 60.0
(kcal/mole)
- 5 12
Frecuency Factor A 2.2x10 2,0x10
(sec-l)
Stoichiometric 0.39 1.0
Coefficient x
Heat of Reaction AH ~412. -200.

(cal/g coal)

i

~

LS
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TADLE IT

HYPOTHETICAL SCHEME FOR

k
c >t AC
k2
8 AC + x2PTL
N k3
| AC > x3PG2
i Ky
\ sl > x4PG2
\
k
\ . 5
[ S2 - stG3
; kg
AC hd DAC
kg
S PTL he x.,SG1
/ k
8 .
P'I‘L > PTG
&A kg
2 PTG o x95G2
N
k
! 10
PTs 7 10
N where C
. AC
P'I‘L
PTG
PG
§G
s
X,y
AE

TR TS Ty

ST

COAL PYROLYSIS

(1

(1

(1

- xz)Sl
- x3)S2
x4)S3

x5)54

+ Y956

mnn

X, ,5G, + ¥Y,.S

1077

Initial coal
Activated coal
Liguid primary

Activation Step (kigh E)
low =&
medium E
primary
decomposition high E
hich E

Deactivation Step ( DAC # C

Polymerization in the liquid
phase inside the particle

Vaporization (depending on
heat and mass diffusion)

Polyuerization in the
gas phase ’

Cracking in the gas phase

tar

Gaseous primary tar

Primary gas
Secondary gas

Solid intermediate or residue
Stoichiometric coefficients
Activation energy

}
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TADLE IV

‘ 1. C Vg = V
El(kcal/mole) Al.(sec ) ' m (C/sec) T ( K) Cy ™ Vo
N 2. 3.1018 4.2-10°° 633. .538
i -4
4.3.207% 673. 0.199
\
1.5-1072 703. 6.624
35000. 973. 0.653
45000. 1173. 0.0
]
’ 75, 22020 4.2-207° 633. 0.537
}
: 4.3-107* 673. 0.0525
) 1.5-1072 703. 0.442
{
' 35000 973. 0.136
45000 1173. 0.0
80. 2.4-10%Y | 4.2.107° 633. 0.877
-4
4.3-10 673. 0.530
-2
1.5-10 703. 0.774
'.‘ 35000. 973. 0.185
i 45000 1173. 0.0
! v

K ——a

‘-ﬂxL\
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FIG. 4 INFLUENCE OF THE HEATING RATE m ON THE TEMPERATURE
OF MAXIMUM GAS RELEASE T .

THEORETICAL RESULTS
—_————— — EXPERIMENTAL RESULTS FOR CH4 FORMATION [2]

EXPERIMENTAL RESULTS FOR C2H6 FORMATION [2]
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FIG.
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E4 = 43.7 kecal/role
E4 = 50. kcal/mole
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REACTION CONSTANTS FOR THE PRIMARY DECOMPOSITION

REACTIONS 1-5.
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